The Continuing Saga of Rhizomania of Sugar Beets in the United States
Historically, Beet necrotic yellow vein virus (BNYVV), which causes the disease rhizomania of sugar beet, has caused major reductions in root yield and quality wherever it occurred. In the United States, the disease was first identified in California in 1984 (12) , but it now occurs in every major sugar beet production region in the country. Fortunately, strong genetic tolerance to BNYVV, conferred by the Rz1 gene, was identified soon after rhizomania was discovered in the United States, and it has been incorporated into regionally adapted cultivars that allow profitable sugar beet production in areas infested with the pathogen. Plants possessing Rz1 are susceptible to infection by P. betae and BNYVV, but virus titers remain low, and typically, infected plants exhibit normal, asymptomatic growth. However, in the Imperial Valley of California in 2002, plants in a field planted to a rhizomaniatolerant cultivar began to express symptoms of rhizomania (47) . Large strips of diseased plants occurred across the field, and it was soon verified that certain isolates of BNYVV from the California Imperial Valley (CIV-BNYVV) had overcome genetic resistance. In other regions of the United States, individual plants, or clusters of plants, in fields planted to rhizomaniatolerant cultivars have also become infected by BNYVV and developed diagnostic symptoms of severe rhizomania. Although patterns of disease development have varied between California fields and those in other production regions in the United States, the breakdown of genetic resistance has caused considerable concern among those involved in sugar beet production. The purpose of this article is to provide an update on rhizomania and the activities that are currently underway to manage this continuing threat to the U.S. sugar beet industry. A review on the detection and distribution of rhizomania and soilborne viruses associated with sugar beet production in the United States (61) , and a second more in-depth review on BNYVV and its vector, Polymyxa betae (Keskin) (60) , have been published.
Sugar Beet Statistics
Sugar beets (Beta vulgaris L.) are produced on approximately 8.1 million hectares in 41 countries around the world. Currently, sugar beets account for 25% of the world supply of raw sugar, but the majority of production comes from sugar cane. However, in the United States, sugar beets have outpaced sugar cane in sugar production, during 19 of the last 25 years. Total acreage planted to sugar beets in the United States has declined during the last 5 years, but root yield and sugar production have increased. From 1990 to 1999, the average yield from 587,000 ha was 46.5 t/ha and 14.5% sucrose, while from 2000 to 2004 total acreage dropped to 573,000 ha but tonnage and percent sucrose increased to 49.6 t/ha and 15.3%, respectively. This increase in root yield and quality can be attributed primarily to improved cultivars and management practices. In 2005, sugar beets were projected to be planted on 544,939 ha, average 51.4 t/ha, and yield 4.3 million metric tons of raw sugar, 58% of total domestic production (United States Department of AgricultureEconomic Research Service (USDA-ERS) website, forecast based on processor's projections compiled by the Farm Service Agency).
In the United States, sugar beets currently are produced in four distinct geographic regions, including the Great Lakes (Michigan and Ohio), Upper Midwest (Minnesota and North Dakota), Great Plains (Colorado, Montana, Nebraska, and Wyoming), and Far West (California, Idaho, Oregon, and Washington) (Fig. 1) .
Delineation of specific production regions has always been somewhat objective, but the number of regions has changed over the last 10 years due to cessation of production in a number of areas, primarily due to factory closings. Of the four regions, the Upper Midwest is by far the largest in terms of production, with approximately 55% of the acreage and 49% of total U.S. production. In 2003, this region, plus a production area in eastern Montana, produced 13.2 million metric tons of beets, averaging 41.9 t/ha, which generated $1.1 billion from production and processing activities and $3.1 billion in gross business volume. Despite the fact that sugar beets in this region are planted on relatively few acres, compared to other commodities such as corn and soybean, the economic impact on the region is highly significant, and the gross business volume of the sugar beet industry has increased 76% since 1987 (3) .
Although the Upper Midwest holds regional production records, the Imperial Valley of California in the Far West Region holds the world record for sugar production on an individual farm. In 2004, Desert Sky farms out of Brawley set a new world record by producing an average root yield of 157.2 t/ha with 15.1% sucrose (23.7 metric tons sucrose/ha) on a 39-ha field. Environmental conditions were exceptionally favorable for sugar beet yield and quality, and the entire Imperial Valley set a new record for root yield with an average of 97 t/ha and 16.17% sucrose. Sucrose per hectare averaged 15.7 t/ha, second only to the 2003 crop that averaged 15.93 t/ha (6). These production records are all the more remarkable when one considers the fact that the sugar beet industry in the Imperial Valley was nearly destroyed by rhizomania in the late 1980s. They also provide tangible evidence to the effectiveness of the Rz1 gene and the rhizomania-tolerant cultivars that are producing outstanding crops in the presence of BNYVV. This region, which was nearly taken out of production due to rhizomania and then rebounded to produce world record yields, is now the first to be threatened by an apparently new strain of BNYVV capable of overcoming the Rz1 gene. This new strain is especially troubling because, at present, genetic resistance to BNYVV in most commercially available cultivars is based on the Rz1 gene.
A Brief Overview of BNYVV and Rhizomania
BNYVV is the type member of the genus Benyvirus, which also includes Beet soilborne mosaic virus (BSBMV) and the tentative member Burdock mottle virus (BdMV) (60, 68) . Members of the genus are vectored by the plasmodiophorid P. betae and are characterized by a plus sense, polyadenylated, quadripartite genome, although some isolates of BNYVV possess a fifth RNA species (30, 35, 56, 57, 68) . RNA 1 and 2 are essential for infection and always present in infected host tissue (29) . RNA 3 is associated with symptom development, but maintenance of BNYVV by repeated mechanical transfer to local lesion hosts is likely to cause internal deletions, which can impact symptom development, or complete loss of the two smaller RNA species (25, 26, 29) . BNYVV has a worldwide distribution and is widespread in every major sugar beet production region in the United States (57, 60, 61) .
BNYVV causes rhizomania of sugar beet. Sugar beets are susceptible to infection throughout their lifetime, but the disease is most devastating when beets are infected early in the growing season. When this occurs, root yield and percent sucrose both are likely to be significantly reduced. When plants are infected later in the growing season, sucrose content will be reduced but root yield will likely be unaffected. The necrotic yellow vein symptom after which BNYVV is named is rarely seen in the field, but plants exhibiting bright fluorescent yellow foliage are common (Figs. 2  and 3 ). Excess nitrogen can mask foliar symptoms, and some infected plants never exhibit foliar symptoms. The diagnostic root symptoms of rhizomania, which are most likely to develop when plants are infected early in the growing season, include stunting, constriction, and extensive root proliferation (Fig. 4) . Late-season infections often cause no observable root symptoms but can significantly reduce sucrose content. Infection of sugar beet roots by aviruliferous P. betae causes minimal damage. Incidence and severity of rhizomania can be reduced with cultural practices and sanitation, but the most effective means of disease management has been through the use of resistant cultivars (4, 20, 21, 75) .
Life cycle of P. betae. BNYVV survives inside the thick-walled resting spores of its vector P. betae (Fig. 5 ), but there is no indication that the virus multiplies inside the spore (1, 9) . Clusters of these resting spores, termed sporosori, are capable of surviving free in the soil for years and are practically impossible to eliminate once introduced into a field. For this reason, once a field is thoroughly infested with viruliferous P. betae, lengthening crop rotation or introducing a nonhost crop into the rotation is ineffective in reducing disease incidence. In the presence of a susceptible host and near saturated soil moisture conditions, resting spores germinate to release viruliferous primary zoospores. Zoospores of P. betae carry the virus particles internally instead of attached to the external zoospore cell wall (9) . Upon contact with a susceptible host cell, the primary zoospore encysts, and contents of the encysted zoospore, including the virus particles, are injected into the host cell. Once inside the cell, contents of the zoospore develop into a multinucleate plasmodium. The plasmodium then develops into either a sporangial plasmodium, which releases secondary zoospores that repeat the infection cycle, or a sporogenic plasmodium, which converts to a sporosorus (5) . Secondary zoospores of P. betae may be released into the soil environment or encyst almost immediately and penetrate adjacent cells, resulting in roots in which almost every cortical cell has become infected (60) . Systemic movement of BNYVV from infected cells usually is limited to a few cells surrounding the initial zoosporic infection site (27) . This is possibly significant with regard to development and increase of new strains, be- cause even if a new virulent strain infected a plant, restricted systemic movement from the initial infection site would limit the number of viruliferous zoospores or sporosori of P. betae that carried the new strain. Although a low number of individual plants might express symptoms, significant yield loss from the new virulent strain likely would not be observed until populations of viruliferous P. betae carrying the new strain became dominant in the field.
Taxonomy and variability in BNYVV. In 1987, the International Committee on the Taxonomy of Viruses (ICTV) defined members in the genus Furovirus as fungaltransmitted, rod-shaped viruses with bipartite single-stranded RNA genomes. Members shared numerous physical and biological properties but exhibited extreme variability in a number of other traits, including number of RNA species, polyadenylation, serological properties, nucleotide sequence, and genomic organization (13, 23, 28, 67, 71, 73) . Based on these differences, the genus Furovirus was revised into four separate genera, Furovirus, Pomovirus, Pecluvirus, and Benyvirus (49, 67, 68, 71, 73) .
Viruses that are vectored by P. betae and infect sugar beet include Beet soilborne virus and Beet virus Q, both members of the genus Pomovirus, and BNYVV and BSBMV, which are members of the genus Benyvirus (60, 68, 73) . Beet soilborne virus, Beet virus Q, and BSBMV all exhibit an exceptionally high degree of genomic variability, and multiple isolates of these from the same field can display significant differences in nucleotide sequence (7, 28, 72) . Conversely, isolates of BNYVV from around the world have been found to exhibit a high degree of nucleotide sequence homology. However, variability has been identified, and three major strains of BNYVV, designated as A, B, and P types, have been described (30) (31) (32) (33) .
Differentiation of strains of BNYVV initially was based on single-strand conformation polymorphism (SSCP) analysis of reverse transcription-polymerase chain reaction (RT-PCR) products from the coat protein (CP) region (32, 33) . The A type is widespread throughout Europe, the United States, Japan, and China, while the B type is primarily found in Germany and France. Nucleotide sequences among isolates within A or B types are highly conserved (typically ≥99% sequence identity), but between A and B types, differences of 3 to 6% are typical (31, 51) . No differences in pathogenicity between A and B types have been reported, and they cannot be distinguished serologically.
The P stain of BNYVV is also serologically indistinguishable from A and B types (31, 33) . However, it possesses biological and genomic properties that make it significantly different from the other strains. P type isolates of BNYVV have a relatively limited geographic distribution. Originally they were found only in France, but now they have been identified in England and Kazakhstan (17, 31) . Recent studies have revealed that P types are closely related to the A type (51), but P types are highly aggressive and able to cause significant damage in some rhizomania-tolerant cultivars. P types also possess five RNA species and are the only BNYVV isolates in Europe found to possess RNA 5. BNYVV isolates with RNA 5 have not been found in the United States and are rare in Europe but common in Japan. Numerous studies and reviews concerning genomic variability and strain designations in BNYVV have been published (13, 24, (30) (31) (32) 34, 47, 52, 60, 62, 70) .
Genetic Resistance Against BNYVV
After rhizomania was originally found in the United States (12), the USDA-ARS breeding program at Salinas, CA, did an extensive search to identify genetic variability for reaction to BNYVV, to find sources of resistance, and to develop resistant and enhanced-germ plasm and breeding lines (4). The so-called "Holly" resistance or "Holly" gene was found in 1983 by A. W. Erichsen at Tracy, CA, in the Holly Sugar Company breeding program and was shown to be inherited as a single dominant major gene (44) . This gene, which conferred strong resistance against BNYVV, was named Rz1 (36, 63) . Other than Rz1 and the resistance in the cultivar Rizor developed by SES in Italy (4, 8, 10) , no other major gene resistance was identified within sugar beet (4, 66) .
Although Rz1 was the primary source for disease resistance, it was apparent in field trials that different degrees of susceptibility or tolerance occurred within sugar beet breeding lines. Lines C39 and C47 were more tolerant than most other breeding material as measured by symptoms and sugar yield (38, 42, 44) . Recurrent phenotypic selection, based on visual disease ratings and yield of individual plants grown under severe disease conditions in the field, was used to make improvements. After five cycles of selection, breeding lines C39R and C47R were developed (38, 42) . Based upon disease symptoms and yield selection under severe rhizomania conditions, the level of resistance in C39R and C47R was equal to that conditioned by Rz1 (42) . This resistance was quantitative or additive and was transmitted to experimental hybrids to an intermediate (midparent) level compared with the dominant Rz1 allele. The C39R type resistance reduced symptom expression (Table 1) , but did not reduce BNYVV titer in infected roots (42) , and its use in breeding programs has been minimal. The Rz1 allele was much easier to control and follow in breeding programs and lent itself to rapid deployment in backcrosses and population improvement programs using either symptom expression, enzyme-linked immunosorbent assay (ELISA) values for BNYVV, or marker assisted selection (14, 54, 65) . Quickly, Rz1 became the favored resistance against rhizomania worldwide, although it was observed that the partial resistance of Rz1 did not perform equally in all backgrounds or hybrid cultivars. The Rz1 cultivars with the best expression of resistance may have resistance supported from quantitative or minor gene additive resistance as found in C39R and C47R. Rz1 acts in a partially dominant manner, and the Rz1 allelic dosage in diploid versus triploid hybrid cultivars typically results in reduced disease incidence and severity, especially in the presence of high inoculum densities of the pathogen (75) .
With the knowledge that single dominant resistance genes are frequently vulnerable to loss due to selection pressure they exert on the pathogen population, the search for additional resistance genes was not abandoned. With the lack of further success within sugar beet itself, the search for resistance was quickly expanded to other B. vulgaris germ plasm resources and particularly to B. vulgaris subsp. maritima, the ancestral form of all cultivated beet. Two general breeding approaches were used. One was to target specific individual accessions or plant introductions (PI), and the other was to search within pooled or composited collections. In the first, when resistance was found within a specific accession, that resistance was backcrossed into sugar beet breeding lines. Resistance was identified in a number of accessions in field (37, 39) and greenhouses studies, using ELISA as an initial screening method (74) . For example, the resistance found in B. vulgaris subsp. maritima accession WB42 was crossed into sugar beet breeding line C37 (46) and was released as C48 (45) and C79-3 (39) ( Table 1 ). Subsequently, resistance from WB42 was shown to be at a different locus than Rz1, conditioned a higher level of resistance in growth chamber tests, and was named Rz2 (63, 64) . Continuing research has shown that most of the identified sources of resistance in accessions of B. vulgaris subsp. maritima are Rz1 or Rz2, but every case has not been determined (4) . Recently, a third resistance gene has been reported (16) . This gene has been named Rz3 and is linked to Rz1 and Rz2 on chromosome III. Rz3 may show incomplete penetrance with the heterozygotes varying widely in expression of resistance. Rz3 was mapped in crosses of sugar beet to B. vulgaris subsp. maritima WB41 accessed from Denmark at the same time as WB42. Earlier, WB41 was shown to have resistance to rhizomania (74) and had been introgressed into sugar beet lines C48 (45) and C79-2 (39) ( Table 1) . Plants with combined Rz1 and Rz3 in a heterozygous condition had lower BNYVV titers than Rz1 alone (16) .
In the second approach, collections of B. vulgaris subsp. maritima, such as the collections of Doney et al. (11) , were individually screened for resistance to rhizomania, but selected plants were pooled and increased in mass. For example, populations that lead to C26, C27, and C51 (40), R21 and C67/2 (41), and R23, R23B, and R20 (40) were produced (Table 1) . For these populations, no attempt was made to determine if resistance was due to Rz1, Rz2, or other factors. However, by 2002 when the CIV-BNYVV strain appeared, an extensive germ plasm base with resistance to rhizomania had already been developed, and these very broadly based germ plasm populations that had been improved for resistance to rhizomania and sugar beet traits were among the first lines evaluated for reaction to CIV-BNYVV.
Breakdown of Rhizomania Resistance in the Imperial Valley
During the growing season of 2002-2003 in the Imperial Valley of California, a number of sugar beet fields planted to BNYVV-tolerant cultivars were observed to have severe symptoms of rhizomania. This suggested that the resistance conditioned by the Rz1 gene had been compromised. Infested sugar beet fields showed infected plants in adjacent rows that appeared as irregularly spaced chlorotic strips that ran the length of the field (Fig.  6 ). Infected plants exhibited typical rhizomania symptoms of fluorescent yellow foliage and stunted taproots with a proliferation of small secondary lateral roots.
To verify that resistance-breaking BNYVV isolates existed in the Imperial Valley, a series of experiments were conducted using two infested field soils, sugar beet cultivars with varying levels of resistance to BNYVV, and ELISA. Commercially available rhizomania-tolerant varieties grown in BNYVV-infested soil from Salinas, CA, tested negative by ELISA. When the same cultivars were grown in soil from the Imperial Valley fields infested with CIV-BNYVV where disease had developed, the resistant varieties became severely infected and tested positive. However, in these tests, the cultivar Angelina, which has two genes for resistance (Rz1rz1, Rz2rz2), had a considerably lower ELISA value than those of the susceptible check, which suggested that the additional resistance gene Rz2 was able to confer partial resistance against CIV-BNYVV ( Fig. 7) (47) . Although these tests provided strong evidence that CIV-BNYVV isolates were actually a new strain or pathotype, additional tests were required to address the possibility that disease was the result of exceptionally high inoculum density in the Imperial Valley soils, or that the CIV isolates were just unusually aggressive. Under high levels of inoculum density and environmental conditions optimum for rhizomania, disease resistance may break down, especially in partially resistant cultivars (2). Soil dilution experiments were initiated with resistant and susceptible cultivars, but the results provided no evidence that inoculum level affected disease severity on rhizomania-tolerant cultivars in CIV-BNYVV-infested soil (47) . Likewise, plants of a susceptible and a rhizomaniatolerant cultivar were inoculated with wildtype BNYVV or a CIV isolate, and virus titer was measured using real time PCR. With the rhizomania-susceptible cultivar, there was no significant difference in virus titer between plants inoculated with the wild-type or CIV isolate of BNYVV, but in the rhizomania-tolerant line, the virus titer in plants inoculated with the CIV strain was significantly higher than in plants inoculated with the wild-type isolate (C. Rush, unpublished data). If disease development in rhizomania-tolerant cultivars was merely a matter of isolate aggressiveness, then the CIV isolate also would have been more aggressive on the rhizomaniasusceptible cultivar, but there was no difference in wild-type and CIV-BNYVV virus titer on those plants.
Isolation of resistance-breaking BNYVV isolates from the Imperial Valley. Root samples of symptomatic plants from fields planted to rhizomania-tolerant cultivars in the Imperial Valley were used as inoculum in mechanical inoculations of Chenopodium quinoa Willd., a local lesion host of BNYVV. Single local lesion isolates of CIV-BNYVV were collected and subinoculated to a selection of different host plants. Eight pathotypes of BNYVV from the Imperial Valley were identified based on reactions of each host, and all eight CIV-BNYVV isolates were capable of infecting the three BNYVV-resistant sugar beet cultivars tested (47) . CIV-BNYVV and Salinas BNYVV (a wildtype isolate) both showed systemic infection in Beta macrocarpa. However, after mechanical inoculation to sugar beet, Salinas BNYVV produced chlorotic local lesions while CIV-BNYVV isolates were either nonpathogenic or produced systemic infections. On Chenopodium capitatum, Salinas BNYVV showed chlorotic local lesions and CIV-BNYVV isolates had a variety of different reactions, including chlorotic and necrotic local lesions, and some isolates showed systemic infection. Except in B. macrocarpa, it has been rare for BNYVV to produce systemic infection from mechanical inoculation in Beta species (43) . Most isolates of CIV-BNYVV that are mechanically inoculated onto sugar beet produce systemic infection, suggesting a fundamental difference between CIV and wild-type isolates of BNYVV. It is unknown if this difference is related or coincidental to the increased pathogenicity of CIV-BNYVV against Rz1. rhizomania, in fields of apparently healthy asymptomatic plants with dark green foliage were termed "blinkers" (Fig. 8) . In some instances, blinkers were readily attributable to a mix of resistant and susceptible seed at planting, but in other instances there was no obvious explanation. Because of the reports of a breakdown in genetic resistance in the Imperial Valley of California, sugar beet industry personnel in Minnesota became concerned and questioned whether genetic resistance might be breaking in their production region.
Breakdown of Rhizomania Resistance in Minnesota
In Minnesota fields planted to rhizomania-tolerant cultivars, disease initially was observed on individual plants and not in large strips or spots as in California. Because there are a number of reasons that could explain disease development in individual plants, it was questioned whether the individual symptomatic plants actually possessed the Rz1 gene or whether disease development was a result of some other edaphic or biological factor. In preliminary studies, blinkers and apparently healthy asymptomatic beets were collected from three rhizomania strip trials. Each individual beet was rated for rhizomania severity, and roots with fungal disease symptoms were discarded. Leaf chlorosis was quantified, root samples were tested by DAS-ELISA for presence of BNYVV, leaf samples were tested for presence or absence of the Rz1 gene, and percent sucrose was determined. Differences between apparently healthy, asymptomatic beets and blinkers were, for the most part, as expected (Table 2) . A significantly greater percentage of healthy plants tested positive for the Rz1 gene and negative for BNYVV, compared to the blinkers. Blinkers had a significantly higher disease rating and higher reflectance readings at 555 nm than the apparently healthy beets and also greatly reduced sucrose content. However, when comparing rhizomania root ratings between blinkers with or without the Rz1, there was no significant difference (Table  3 ). These data suggested that presence of the Rz1 gene was not conferring any resistance to BNYVV and confirmed that Rz1 had been compromised. However, results from this preliminary study did not prove the existence of a new virulent strain. Other variables, such as edaphic factors, high inoculum density, interactions with other soilborne pathogens, or the combination of minor genes can impact severity of rhizomania (15, 19, 21, 22, 48, 55, 76) .
Preliminary genomic analysis of CIV-BNYVV and isolates from Minnesota. Previous studies have revealed that BNYVV isolates containing RNA 5 are highly virulent and can incite disease in partially resistant sugar beet cultivars (69) . RNA 5 is common in strain A isolates of BNYVV in Japan, and in sugar beet infected with the P strain in France and England (30) . However, in 2002 when disease began to appear in fields planted to rhizomania-tolerant cultivars, only strain A of , which exhibits the fluorescent yellow foliage typically associated with rhizomania surrounded by asymptomatic beets with dark green foliage. b Severity of rhizomania was based on a 0 to 4 scale, where 0 = healthy disease-free roots and 4 = severe stunting, root constriction, and massive root proliferation. c Presence of the Rz1 gene was determined for the various cultivars by seed company personnel using proprietary technology. Plant samples were coded until results were submitted to ensure unbiased results. d Asterisks indicate a significant difference, * P = 0.05 and ** P = 0.01, between blinkers and healthy plants. BNYVV, with four RNA species, had been identified in the United States. Therefore, it was important to determine whether CIV-BNYVV isolates possibly represented an introduction of an A or P strain of BNYVV that possessed RNA 5 into the Imperial Valley. Soil from symptomatic fields in the Imperial Valley was planted with seed of a rhizomania-tolerant cultivar to bait out CIV-BNYVV. ELISA was used to confirm BNYVV infection of the resulting plants and total RNA was isolated. An RNA gel was run to tentatively determine whether the CIV isolate contained an RNA 5 species, but no RNA 5 was apparent. This result was verified using PCR and primers specific for RNA 5. Additionally, single-strand conformation polymorphism analyses indicated that the banding patterns of CIV-BNYVV isolates were identical to those of BNYVV strain A and were different from strains B and P in amplicons from RNA 1 and RNA-2 (47). These results suggest that CIV-BNYVV represents a new virulent strain of BNYVV that evolved, or was selected, from existing populations of BNYVV in the Imperial Valley, and not an aggressive, newly introduced RNA 5 isolate. Additional studies were conducted to investigate variability among wild-type and resistance-breaking isolates of BNYVV. Total RNA from asymptomatic plants, CIV-BNYVV-infected plants, and blinkers from Minnesota was reversetranscribed to cDNA for PCR analysis and subsequent sequencing. Nucleotide sequences from CIV and blinker isolates were compared with sequences of BNYVV from GenBank and typically demonstrated ≥98% identity with the previously published BNYVV sequences (C. M. Rush, unpublished data). However, because BNYVV RNA 3 had been implicated with symptom expression and disease severity (25, 26) , additional analysis of P25, the single ORF on RNA 3, was conducted. Amino acid sequence analysis revealed polymorphisms at positions 67, 68, and 135 that separated CIV-BNYVV from wild-type BNYVV and isolates from blinkers in Minnesota (Table 4 ). All CIV-BNYVV isolates possessed the V 67 L 68 E 135 motif, while blinker and wild-type isolates of BNYVV were variable. At this point, only a limited number of isolates have been evaluated, and it is unknown whether the VLE motif is actually associated with virulence. However, CIV-BNYVV isolates clearly can be differentiated from wildtype BNYVV and BNYVV isolates obtained from blinkers in Minnesota, and the ability to differentiate these isolates should be of value in diagnostics and epidemiological studies. Although the precise etiology of resistance-breaking is still unknown, it is clear that Rz1-based resistance is breaking down and sources of resistance to rhizomania other than Rz1 are needed.
Efforts to Develop New Sources of Resistance
In 2002 when it appeared that a new strain of BNYVV had developed or had been selected out of the genetic diversity of BNYVV types (47) , the inventory of previously developed germ plasm with resistance to rhizomania was one of the most logical places to search for additional resistance factors. Tests were run in the greenhouse and field at Salinas and Brawley, CA. In those tests, the hybrid cultivars Beta 4430R and Angelina were used as resistant checks (Table 1) .
The aggressive P-strain in France is known to cause significant damage against cultivars with only Rz1 resistance (8, 17, 31, 58) . The hybrid cultivar Angelina, developed by KWS SAAT AG in Germany, possesses both Rz1 and Rz2 for resistance to BNYVV (17) and has superior resistance against the P-strain (8, 17) . The cultivar Beta 4430R has the genotype Rz1rz1, rz2rz2. Fully susceptible cultivars such as USH11, Beta 6600, and Roberta are rz1rz1, rz2rz2. Combinations of these cultivars have been used in the Salinas breeding program as checks to measure ELISA values in bait plants from greenhouse soil tests, and for yield and disease scores in infested field tests (Table 1) . Based on ELISA values, Rz1 protected against wild-type BNYVV, as represented by infested soil from Salinas fields, but not against CIV-BNYVV from Imperial Valley fields Rockwood 156 and 158 where the first case of defeated resistance was observed (47) . When Angelina was exposed to soils from the Rockwood fields in greenhouse tests, bait plants tested positive for BNYVV, but the ELISA value was usually intermediate, suggesting a partial or moderate resistance to CIV-BNYVV.
In 2003-2004, a modified extension of the greenhouse baiting test was run to evaluate sugar beet lines for reaction to BNYVV. Either sterilized Salinas soil, nonsterilized BNYVV-infested Salinas soil, or Rockwood 158 (CIV-BNYVV) soil was mixed with sterilized river sand in a 1:9 ratio and placed into 30 × 60 cm seedling flats. Ten rows of seed were sown into each flat in random order, and each set of line × soil treatments was replicated three times. At 6 weeks postemergence, roots from all seedlings within each treatment were combined and tested by ELISA for BNYVV. Some of these data are summarized in Table 1 . Under sterilized soil conditions, all entries were negative for BNYVV. Under Salinas BNYVV conditions, only the susceptible checks scored positive (3 times higher than healthy check). Under CIV-BNYVV soil (Rockwood 158), no variety tested resistant (<3 times the ELISA value of the healthy check), but Angelina and breeding lines with Rz2 and/or Rz1 and Rz2 were intermediate in ELISA values as compared to entries with only Rz1 or no resistance allele. In general, these results matched the results from the tests run by Liu et al. (47) and subsequent field tests at Hartnell (de-
Amino acid b

Source
Isolate c 67 68 135
a "Blinker" is the term used to describe an individual sugar beet infected by BNYVV, which exhibits the fluorescent yellow foliage typically associated with rhizomania, surrounded by asymptomatic beets with dark green foliage. scribed below). Test results were confounded, however, by most of the entries not having known allelic frequencies. In the case of the Rz2 backcross derived lines, e.g., C79-3, the resistance allele probably occurred at less than 50%. Any previously unknown resistance alleles could be at even lower frequencies and masked by the preponderance of susceptible plants.
From the greenhouse seedling tests, no conclusion could be made as to whether there had been new resistance genes against CIV-BNYVV. Even if a low frequency of highly resistant plants occurred, they could not be detected and selected by this method. On the other hand, field tests under CIV-BNYVV conditions would allow large numbers of plants from many divergent germ plasm sources to be screened and individually selected for resistance. As needed, follow-up progeny tests and re-evaluations with ELISA could be run to determine if selected individuals were truly highly resistant or escapes. This procedure was known to work efficiently for the original screening for resistance to rhizomania (4) . Rare resistant individuals could be found among thousands of screened plants. This Table 5 . Although the entry pedigrees and resistance factors were maintained as proprietary, these hybrids were known to represent various combinations of resistance factors. A wide dispersion of means for sugar yield and root rot due to rhizomania occurred. Compared to two widely grown Rz1 commercial hybrids, Beta4430R and Beta4776R, there were moderately resistant entries. However, compared to ongoing commercial harvest at this time under non-CIV-BNYVV conditions, it was still obvious that substantial improvement is needed to prevent yield loss and root rot against CIV-BNYVV. The expressed consensus of the breeders was that minor genes were very important in the field performance of these hybrids.
For the Hartnell field, as far as could be determined, sugar beet had never been grown and the field was isolated by more than 100 km from the nearest commercial sugar beet production. In June 2003, CIV-BNYVV inoculum (viruliferous P. betae) that originated from Rockwood 158 was incorporated into the soil and an Rz1 cultivar grown to encourage the increase of CIV-BNYVV strains. In this inoculated crop, root symptoms were very mild, but plants tested positive for BNYVV by ELISA and a very low frequency of systemic infection was observed. Check varieties Z210H50 (susceptible), Beta4776R (Rz1), Beta4430R (Rz1), and Angelina (Rz1,Rz2), tested as root composites in September 2003, had ELISA values of 8.2, 9.4, 10.4, and 2.9 compared to 1.0 for healthy check. In October of 2003, this inoculated crop was incorporated into the soil.
In May 2004, after the soil was warmer than 16°C, sugar beet trials were established. Three tests or types of material were grown. Entries in one test were breeding lines and populations that represented a wide sugar beet germ plasm base. In a second set of materials, entries were populations and lines that had a recent history of being partially derived from B. vulgaris subsp. maritima or were wild beet populations. In November 2004, from these two sets of materials, the plants were lifted, and based upon visual root symptoms, size, shape, and sucrose concentration, purportedly resistant plants were selected and placed in cold rooms for vernalization for seed production in 2005. ELISA was not used to make these selections since ELISA on late fall harvested roots from the field is highly unreliable (75) . The results of these selections will not be known until their progeny are evaluated starting in [2005] [2006] .
The third test in 2004 in the Hartnell field was designed to screen a wide array of lines and germ plasm for performance under CIV-BNYVV conditions. The purpose was to try to identify among and within breeding lines and germ plasm sources, potential sources of resistance and the efficacy of this resistance. At harvest in November 2004, the plots were lifted and each beet scored for rhizomania. The roots of each plot were then topped, placed into bags, washed, weighed, and run through the sugar analysis laboratory. After lifting, the roots were scored visually for rhizomania on a scale of 0 to 9, where 0 and 1 were considered highly resistant (75) . A disease index (DI) was calculated for each plot and the percent resistant (%R) roots, where only 0 and 1 were considered resistant, were counted. Results for some of the selected entries are summarized in Table 1 .
Based on the preliminary field trials, definitive conclusions cannot be drawn. The field results did largely support the greenhouse results using ELISA. The Rz1 resistance was defeated but under the conditions of these tests appeared to continue to provide some protection. The Rz2 resistance either with or without Rz1 appeared 
Concluding Thoughts
In 2002, three fields in the Imperial Valley were identified with the resistance breaking CIV-BNYVV isolates, and in 2003 five additional fields were identified. Because alfalfa, a 3-or 4-year crop, is commonly rotated with sugar beets in the Imperial Valley, sugar beets are often grown 2 years in a row. When CIV-BNYVV first appeared, it was always in the second year of consecutive sugar beet crops. Furthermore, diseased plants occurred in several adjacent rows that were flanked on either side by healthy plants, and these diseased strips repeated at irregular intervals across the field (Fig. 6 ). This spatial distribution is highly unusual for a soilborne pathogen and difficult to explain, but it appeared to be associated with cultural practices. In 2004, 26 fields were identified as containing resistancebreaking isolates, and by June of 2005 over 28 fields had been identified. However, symptoms are now appearing in the first year of the sugar beet rotation, and diseased plants are often clustered in irregular patches. The reason for this change is uncertain, but the observation is significant because it suggests that inoculum densities are now high enough in first-year plantings to cause detectable yield loss.
The occurrence of fields with resistancebreaking CIV-BNYVV isolates is rapidly increasing in the Imperial Valley, but it is difficult to measure how extensive the problem is in other sugar beet production regions of the United States. The occurrence of blinkers in Minnesota demonstrates selective breakdown of resistance. The etiology of this breakdown is unknown, but because sugar beets are grown in 3-to 5-year rotations in the Upper Midwest, the development and impact of resistance-breaking strains could be delayed. However, in 2005, large areas of infected, symptomatic plants appeared in fields planted to rhizomania-tolerant cultivars, similar to the diseased spots caused by BNYVV when the pathogen was originally introduced into the state in 1996 (Fig. 9) . Some of these fields exhibited over 50% symptomatic plants, and it was common to find fields with over 25% of the plants exhibiting typical symptoms of rhizomania. This level of disease reduced root yield and quality and resulted in significant economic losses for both the grower and processor (C. M. Rush, unpublished data). Whether this observed level of disease is caused by a new strain of BNYVV or some other factor is unknown, but regardless of the cause, pressure on seed companies to develop regionally adapted cultivars with increased levels of resistance to rhizomania is swiftly mounting.
The large-scale planting of rhizomaniatolerant cultivars with a single source of resistance has placed tremendous selection pressure on BNYVV and put the U.S. sugar beet industry at risk. When placed under such selection pressure, it is not surprising that populations of BNYVV would evolve, resulting in partial or total breakdown of resistant cultivars (18, 53, 59 ). When rhizomania is first detected in a field, yield loss is often minimal because inoculum densities are low and distribution is localized. Over the years, this has given some producers a false sense of security, and they have been hesitant to plant rhizomania-tolerant cultivars until they experienced a significant loss. Now some will be afraid to plant resistant cultivars because of the potential for future development of a new strain of BNYVV in their field, but also afraid not to plant resistant cultivars because of the potential for a total crop failure due to rhizomania. This concern is legitimate and highlights the need for development of new regionally adapted cultivars with multiple sources of resistance to BNYVV. In the mean time, producers can help delay development of resistant-breaking BNYVV in their fields through sanitation that minimizes introduction of viruliferous P. betae, cultural practices that optimize crop water use efficiency and reduce prolonged periods of soil saturation, and extending rotations to slow the selection and increase of resistance-breaking strains of BNYVV. 
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